Osteoporosis resulting in a reduction in bone stiffness and thinning of the cortex is almost universal in older patients. In this study a novel method to generate computational models of the distal femur which incorporate the effects of ageing and endosteal trabecularisation are presented. Application of this method to pre-and post-knee arthroplasty scenarios is then considered. These computational methods are found to provide a simple yet effective tool for assessing the post-arthroplasty mechanical environment in the knee for different patient types and can help evaluate vulnerability to supracondylar periprosthetic fracture following implantation. Our results show that the stresses in the periprosthetic region increase dramatically with ageing; this is particularly true for higher flexion angles. Stresses in the anterior region of the femoral cortex were also found to increase significantly post-implantation. The most dramatic increases in stresses and strains at these locations were observed in old osteoporotic patients, explaining why this patient group in particular is at greater risk of periprosthetic fractures.
Introduction
Ageing and osteoporosis both lead to deterioration in bone quality. Due to medical advances the global population as a whole is ageing. Therefore, consideration of how the change in bone quality influences the mechanical environment of the femur after total knee arthroplasty (TKA) assumes great importance, particularly since the number of operations performed each year continues to increase [1] . In general, TKA is a successful operation with implant survival rates at 10-15 years of greater than 90% [2, 3] . However, a number of studies have shown the potential for failure or complication arising post-implantation, leading to an increase in the number of revision surgeries performed [4] [5] [6] . These studies have also shown that the incidence of periprosthetic supracondylar fracture increases over time, probably due to a combination of ''physiological'' and periprosthetic osteoporosis. At the time of revision surgery the quality of bone for fixation is important in terms of the stability of the replacement revision prosthesis and hence its longevity. Areas immediately under the primary implants, particularly behind the anterior flange and posterior condyles of the fe-mur develop significant periprosthetic osteoporosis [7] [8] [9] [10] . Bone loss under the implant and stress concentrations around the implant are thought to influence the pattern of periprosthetic femoral fracture [6, 8, 11] .
The use of finite element (FE) models as a tool to investigate complex clinical scenarios and critical cases is becoming more widely accepted. These models provide information which cannot easily be obtained from a lab or clinical research investigation. Studies often use CT based inhomogeneous material properties for the bone [12] [13] [14] in which the variation of elastic modulus is estimated from the variation of apparent bone density in the specific femur being considered. Few studies in the literature directly compare the influence of healthy and osteoporotic bone on the femur [15] [16] [17] due to this specificity, fewer still have investigated the influence of bone properties following joint arthroplasty on the mechanical environment in the femur e.g. [18, 19] .
In a study of 163 patients, Bousson et al. [20] employed microradiographs and image analysis techniques to investigate the influence of age and gender on the porosity of three sub-regions (endosteal, mid-cortical and periosteal) from the anterior cortex of the femoral mid-shaft. The authors found that pore size and number increased with increasing age in younger patients ( < 60 years). Furthermore, it was observed that pore size and number were proportionally similar in each of the three sub-regions in male specimens, whereas female specimens exhibited significant http://dx.doi.org/10.1016/j.medengphy.2016.06.014 1350-4533/© 2016 IPEM. Published by Elsevier Ltd. All rights reserved. cortical thinning in the endosteal sub-region in particular. Similarly, a more recent study of 688 women and 561 men by Russo et al . [21] indicated that cortical thickness in female specimens of 80 years or greater is approximately 50% of that measured in younger female samples. Age related variations to the bone geometry and porosity at the microscopic [20, 22] and macroscopic levels [21] can have considerable impact on its mechanical properties and may have serious implications for fracture risk. The majority of previous research has focused on modeling cases representing a normal patient. It has been well documented that as we age our bones undergo mechanical and structural changes [20] [21] [22] . As a result implants designed to suit an average and otherwise healthy patient may induce a very different response in an elderly or pathological patient.
In the present study, FE models of the intact and post-TKA (employing posterior stabilising or PS implant) distal femur were developed. The aim of this study was to determine how incorporation of the effects of ageing (by means of a reduction in bone stiffness) and trabecularisation (modelled through pseudo-thinning) of the cortex, influence the observed mechanics post-implantation.
Methods
A three-dimensional virtual reconstruction [23] of the large left fourth generation composite femur (Sawbones; Pacific Research Laboratories, Vashon, Washington, USA), was used for this study ( Fig. 1 ). This geometry was subsequently modified to accept the posterior stabilising (PS) implant, also shown in Fig. 1 . Physical implant measurements and surgical theatre templates were used in conjunction with computer aided design software (Autodesk Inventor 2010, Autodesk Inc. San Rafael, California, U.S) to develop 3D models of the femoral implant; the same software was also used to incorporate surgical cuts into the femur for accommodating a posterior stabilizing (PS) implant (Triathlon® series, Stryker®, Newbury, United Kingdom) as shown in Fig. 1 . The position of the implant on the bone was verified by an experienced orthopaedic surgeon (the second author). It is important to note that a number of companies supply similar PS implants (e.g. Stryker: Triathlon TM series; DePuy: P.F.C. Sigma TM series; Smith & Nephew: Genesis II TM series) although minor details of the implant's external/internal geometry vary between manufactures. Finite element meshes for the intact and the implanted femurs were created and analysed in Abaqus 6.8.1 (Dassault Systemes, Simulia, Providence, RI, USA). The meshes typically comprised of 290,0 0 0 10-noded tetrahedral elements. The average element size was 2 mm based on convergence studies (a further reduction in element size produced negligible change of displacements/stresses). Simulation runtime for each model was typically in the region of 2-3 hours, on a windows PC with a dual core i5 processor (2.6 GHz) and 8GB of ram.
Material properties
Cortical bone properties were based on whether healthy or pathological bone was being considered. Previous studies have shown that ageing results in cortical thinning [20, 21] and a decrease in bone stiffness [24] . It has also been shown that with ageing, trabecularisation is initiated from the endosteum [20] resulting in the endosteum becoming much less stiff than the periosteum [24] .
In this study, a heat transfer analysis was used as an artifice to assign variable elastic properties through the cortical thickness, e.g. from endosteum to periosteum. For this we took advantage of analysis capabilities available in Abaqus 6.8.1 used in this study. Indeed heat transfer capabilities are widely available in several FE packages. The first step was to assign a temperature of θ 1 = 0 to the endosteal surface and a temperature of θ 2 = 1 to the periosteal surface ( Fig. 2 a) . A heat transfer analysis was then conducted with a unit value of thermal conductivity k = 1 W/mm ·K and the temperatures were permitted to reach a steady state. The variation of temperatures through the cortical thickness is shown in Fig. 2 a and b. These temperatures were then used as a proxy to assign variable elastic moduli to bone as a function of distance through the cortex, as shown in Fig. 2 c, to create age dependent models. Before discussing these models it is important to emphasise that the variation of temperature so obtained (not the value itself) will not depend on the initial temperatures chosen (they only need to be different at the two surfaces) or the thermal conductivity. A similar technique was used by Davis et al . [25] to define regional inhomogeneity over complex biological structures.
In the current study, four relationships were then defined between Young's modulus ( E ) and temperature in order to characterise the inhomogeneity of bone properties (young and old) and to model cortical thinning as shown in Fig. 2 c, as can be seen from the Figure, the periosteum always had a higher elastic modulus than the endosteum. Also the elastic moduli at the periosteum for old healthy (OH) and old osteoporotic (OOP) were assumed to be lower (16, 700 MPa) than young healthy (YH) and young osteoporotic (YOP) bone (22,0 0 0 MPa).
Physically changing the geometry of the femur model to that of an osteoporotic geometry is not a trivial task due to its complex organic shape. Nevertheless, such changes are likely to be of significance to patient outcomes post-implantation. In this study, osteoporotic bone (both young and old) was characterised by a Young's modulus equivalent to that of cancellous bone (155 MPa) at the physical endosteum of the model, while the healthy endosteal value was offset to a spatial position representative of 50% of the cortical thickness ( Fig. 2 c mid-points on graph) using the aforementioned method for assigning a spatial distribution of properties to the bone. In this manner, the effect of cortical thinning was approximated through manipulation of stiffness values, acting as a proxy for geometrical changes which may occur due to osteoporosis and trabecularisation of the endosteum. Bousson et al. [20] showed that porosity increases more rapidly from periosteum to endosteum for older patients and Donaldson et al. [24] showed that for the femoral cortex porosity is linearly related to Young's modulus. The created models attempt to represent this. The Young's moduli at the endosteum were 16,700 MPa and 70 0 0 MPa for YH and OH cases respectively. Values for both young and old bone material properties were based on values (average of principal directions) taken from the literature [26] . The variation of elastic properties through cortical thickness for the four models created is shown in Fig. 2 d . In all cases a Poisson's ratio = 0.3 was assumed for cortical bone regions.
All material property assignments were completed prior to any implantation. It is important to note that the method described above permits evaluation of the mechanical response due to agerelated changes for essentially the same femur; this is not possible when employing CT based properties due to specimen specificity. The process also allows a simple method for assigning through thickness material properties which is not trivial, particularly if attempted manually. It is also important to point out that heat transfer analysis provides temperatures at the nodes, whereas material properties need to be assigned to integration points. This was achieved using element shape functions.
Application of inhomogeneous cortical bone properties to the femur pre-and post-implantation resulted in a total of eight different models (four intact and four implanted with the PS implant), each of these was examined under three different load cases (discussed below).
For all eight models, cancellous bone was assumed to be isotropic as in many previous studies, e.g. [20] [21] [22] , with the values assigned to cancellous bone structures (Young's modulus = 155 MPa, Poisson's ratio = 0.3) being within the range of reported values from current literature [23, 24] . Where relevant, the implant was assigned properties for a cobalt chromium alloy (E = 210,0 0 0 MPa, ν = 0.3) in line with manufacturer's specifications (Stryker®, UK).
Boundary conditions
The choice of boundary conditions can greatly affect the output parameters being considered in an FE analysis (e.g. stresses, deformations), previous studies have shown that the stress distribution in the femur or pelvis can be altered significantly by the inclusion of boundary conditions that incorporate muscles and ligaments [27] [28] [29] . Studies within our group have also shown that the mechanical environment close to the points of load application is minimally affected by the restrained boundary conditions at some distance [19, 27, 30] . Therefore, the femur in this instance was fixed at a distance of 240 mm from the distal end. These boundary conditions are similar to most previous modelling studies [12] [13] [14] 19, 31, 32] . Proximal fixation of the femur is also commonly employed in in vitro experiments examining knee implants e.g. [33, 34] .
Loading
There is large variability in reported loading of the knee joint for the same activity [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , as such this study considered forces acting on the knee as reported by previous studies that used in vivo telemetric implants [36, 45] . To enable generation of consistent data sets load values were normalised in terms of subject body weight. This study considered three functional flexion angles (0 °, 22 °, and 48 °) during the stance phase of gait for a normal walking cycle. Each flexion angle was modelled as a static load step. The load acting on the femur comprises of 6 separate components: patella-femoral force (PF); the medial and lateral compo- Table 1 Forces used in the FE analyses for the three flexion angles. Values were obtained from previous in-vivo telemetric implant studies [36, 45] , normalised in terms of body weight and then applied to the FE model for an assumed average body weight of 775 N. nents of the joint normal force (Fm and Fl); the medial and lateral components of the joint shear force (APm and APl); and the internal/external (IE) moment. The values used for the three flexion angles are given in Table 1 . These forces were applied over realistic contact areas [48] as shown in Fig. 3 , assuming correct alignment of the implant. Each of the six components of force were applied over three contact areas -PF, Fm and Fl acting normally and APm and APl tangentially on the corresponding contact areas for each of the flexion angles tested. Computationally the I/E moment was included by altering APm and APl forces.
Interface conditions
In all models incorporating the PS implant, the interface was modelled using tied constraints. These prohibit relative motions between the implant and bone at all contacting surfaces, simulating osseointegration of the implant into the host bone at the time of analysis.
Results
To highlight the overall impact of ageing and implantation on the mechanical environment in the distal femur post TKA, we first consider a frontal section c-c as shown in Fig. 4 . We then examine a transverse section (d-d) just above the implant, this region (dd) has been shown to be critical with regard to fractures for both pre-and post-implantation cases [49] [50] [51] . For quantitative investigations, we also considered four representative points along the cortex at section d-d, as shown in Fig. 4 .
Stress contours for both the intact and implanted (OOP cases) at section c-c are shown in Fig. 5 . These show that post-implantation, large stresses shift proximally from the condylar region to the diaphyseal region, indicating stress-shielding in close proximity to the implant. This is possibly as a result of the concentrated joint force being distributed over a wider area due to the significant stiffness of the implant. It should also be noted that much larger stresses are generated at 48 °flexion in comparison to 0 °flexion. Stress contours at section d-d, once again for the OOP case, are shown in Fig. 6 . While at the flexion angle of 0 °the cortical stresses in the intact and implanted femurs are found to be almost identical, there is a significant difference at 48 °flexion. Interestingly, at the higher flexion angles large cortical stresses are more widespread post-implantation (particularly in the anterior region).
Equivalent strains were examined for all four patient scenario investigated (YH, OH, YOP, OOP), for the 48 °flexion angle as shown in Fig. 7 . These show, that for all patient scenarios, strains at section c-c are significantly higher following implantation. The Figure  also shows that old osteoporotic implanted bone experiences much larger strains in this region in comparison to young healthy bone.
In order to gauge the quantitative variations, von Mises stresses and equivalent strains were evaluated at the four representative points shown previously in Fig. 4 , for all four patient scenarios and at each flexion angle investigated. The resulting values are presented in Figs. 8 and 9 . At 0 °flexion, stresses and strains at the four points considered are quite similar pre-and post-implantation ( Fig. 8 a and Fig. 9 a) , in fact stresses and strains are slightly higher for the intact case. This scenario changes completely with increasing flexion angle.
At 48 °flexion, the stresses and strains are much higher postimplantation for all four points considered in comparison to the corresponding intact case ( Fig. 8 c and Fig. 9 c) . In all cases the OOP patients experience the largest strains and stresses, whereas the YH patients experiences the least, in general going from the YH case to OOP case lead to an approximate increase in stress of 68%. It is interesting to note, that at 0 °flexion the stresses at the anterior location are very similar for both the intact and implanted cases. However, at higher flexion angles, the anterior stresses increase far more dramatically in the implanted cases, than at any other location. For example, if we examine the anterior point of interest for the OOP case, going from 0 °to 48 °flexion leads to an increase in von Mises stress from 4.17 MPa to 37.49 MPa for the implanted femur. However, stresses in the intact case are observed to decrease over the same flexion range, from 5.5 MPa at 0 °flexion to 2.52 MPa at 48 °flexion.
Discussion
The purpose of this study was to introduce a novel yet simple method to investigate the influence of ageing and osteoporosis on the mechanical environment in the femur pre-and postimplantation with a posterior stabilising (PS) femoral component. Multiple ageing and osteoporotic scenarios were modelled by employing this method on a single base femoral geometry. Some studies [12] [13] [14] , including those from our group [52] , have incorporated variation of properties on the basis of CT attenuations from a specific patient/bone. A study by Au et al. [53] examined the effect of inhomogeneity using such a method, in the context of the intact distal femur and proximal tibia. However, these approaches and consequent results are subject-specific, and therefore cannot be used to establish general trends about a particular patient group. To our knowledge the comparative effect of inhomogeneity, moving from a young healthy to old osteoporotic scenario, on both the intact and implanted distal femur has not been previously examined. Furthermore, the authors are not aware of a comprehensive CT dataset containing multiple scans from the same subject at different ages/stages of disease progression that would permit this using a CT attenuation based approach. As such, this study has based the variations of Young's modulus values (from endosteum to periosteum) on the average of directional values [26] obtained from a population specimen study. The level of cortical thinning was also based on data from population studies [20, 21] . This approach permits us to evaluate such trends in the absence of subject specific data.
In this study, a virtual reconstruction [23] of the large left fourth generation composite femur (Sawbones, USA) was used as the base geometry for all models. By using a normalised bone geometry and applying the same loading and boundary conditions, (and in fact using the exact same mesh) we can say with some certainty that the observed differences in implant performance, e.g. under young healthy and old osteoporotic conditions, are as a direct result of changes to the material properties alone. This would not be so easy to discern should two different CT based patientspecific femurs (e.g. healthy and osteoporotic) be compared directly, as changes in shaft angulation, condylar shape/size, femoral alignment, and cortical thickness could obscure important trends.
As in several previous studies [9, 10, 13, 14] , our study shows that there is considerable stress-shielding distally under the femoral component, particularly in the condylar region [8, 9] (as seen in Fig. 5 ). This fact has been well known. However, more importantly this study shows that the presence of an implant results in large stresses being transferred to the proximal region. This is much more pronounced at a higher flexion angle. This is apparently because at higher flexion angles loading is more likely to cause bending. For the implanted case stresses and strains shift proximally, generating higher stresses in the diaphysis, while the implant and the bone within it rotate as a rigid body in the distal region. This may also explain why periprosthetic fractures after total knee arthroplasty are often seen in the region just proximal to the femoral component. Further examination of these models also revealed that large stresses occur beyond the anterior flange postimplantation in the region widely associated with periprosthetic supracondylar fracture initiation [50, 51] . Some previous studies have assessed the mechanical environment of the femur, or implant stability at 0 °flexion e.g. [33, 54] . In this study, as in previous work by the authors [19, 34] , it has been shown that consideration of higher flexion angles is critical when evaluating the performance of implants. Contrary to previously reported findings e.g. [55] 0 °flexion is found to be inadequate for discerning key differences between femora, in particular with regard to stressshielding.
Frequently in biomechanical studies it is stresses rather than strains that are examined and reported. Due to the low Young's modulus associated with cancellous bone regions, large stresses are rarely observed where there is cortical bone present to carry loads. However, in the present study a dramatic increase in the trabecular strains was observed due to ageing and osteoporosis postimplantation (as seen in Fig. 7 ) . Similar findings were reported by van Rietbergen et al. [15] in the context of the proximal femur. In their study, μFE models of the femur were modified through manipulation of CT threshold values for trabecular bone to replicate osteoporotic microstructure. van Rietbergen et al . found that strains in the osteoporotic femur were much higher (by approximately 60%), with a less favourable and more widespread distribution.
In the present study, through incorporation of realistic loading conditions and more physiological material distributions through the cortex, it has been shown that both ageing and trabecularisation exert a significant effect on periprosthetic strain in the cortex of the intact and implanted femurs. It is important to recognise that any deterioration in material properties in the form of a reduced elastic modulus will result in an increase in strain. This is particularly evident in the OOP case, which incorporates both a reduction in properties and an element of thinning, and is found to exhibit the most significant rise in both strains and stresses. Interestingly we found that thinning itself (YOP) had a more significant impact on the mechanical environment of the femur than a simple reduction in stiffness (OH). This is likely due to the similar forces being transmitted over a reduced load bearing region due to trabecularisation of the endosteum. Previous studies on the effects of cortical thinning in the distal femur are limited. In a combined numerical and experimental study Zdero et al . [17] investigated how varying the thickness of the cortex impacted upon the response of the femur under mechanical testing conditions. Contrary to the present study, Zdero et al. concluded that only large amounts of bone loss in the cortical region would lead to a dramatic change in stiffness, and that the normal effects of aging would have less impact on its mechanical properties. A study by Anderson [56] investigated the effects of age related differences in joint torques and strain of the proximal femur during gait. It was concluded by the author that age did not significantly influence the likelihood of femoral fracture. However, as with the studies conducted by Zdero et al . changes to the material properties of the femur between young and old scenarios were not considered. Furthermore, in the case of Zdero et al. physiological loading at the knee joint was not replicated.
Limitations
In the present study cancellous and cortical bone stresses and strains were found to increase with age and thinning of the cortex. It is important to note that in situations where material properties degrade over time it is likely that both cancellous and cortical bone regions are simultaneously affected e.g. [57] . If changes to the cancellous bone structure were also considered this may result in an even greater proportion of load being carried across the thinned cortex increasing the potential risk of fracture even further.
In this study, a medial-lateral load distribution of 60-40% was assumed. This obviously results in a larger stress and strain being observed in the medial region. This would clearly change if the load distribution were modified, e.g. if incorporating malalignment due to disease. However, changes to the medial-lateral joint alignment are unlikely to influence the dramatic increase in anterior stress and strain observed in this study due to implantation. Another consideration is that the same magnitude of loading was considered for young and older patient scenarios, while this assumption permitted the direct comparison of the influence of age and thinning it may not be fully reflective of the in vivo situation where elderly patients may be more protective of their joints, particularly in the post-operative period following joint replacement and as a consequence may avoid full weight bearing on the operated limb for much longer than their younger counterparts.
We did not conduct any experimental validation of our simulations, which is a possible limitation. The complex loading experienced by the knee joint is not easy to replicate in a laboratory setting. Furthermore, incorporate of age related changes to bone properties in the lab would not be straightforward. Though the trends obtained in this study are likely to be valid; actual quantitative values may be different in an in vivo scenario where loading is dynamic and subject to external factors of the environment.
Finally, endosteal trabecularisation of the cortex is usually counteracted through apposition on the periosteal surface, particularly in male patients. The present study did not incorporate this feature and is therefore limited to modelling of female patients, who are known to suffer greater bone loss at the endosteal surface, with little to no apposition occurring at the periosteum [20, 21] . As the initial response post-osseointegration was of interest in this study, this limitation was deemed acceptable. However, it is recognised that if the long term survival of the prosthesis is of interest (e.g. loosening or fracture), particularly in a male population where endosteal trabecularisation is less extreme and apposition plays an important role, then incorporation of a complex bone remodelling framework, e.g. [58] , would be required to more adequately capture the response of the femur to disease progression.
Clinical significance
Often an average case or limited number of patient specific cases is represented during testing and validation of new implant designs. However, this does not adequately account for the wide range of patients who may undergo TKA with the same prosthesis, and as such may not sufficiently represent all possible clinical scenarios. In the current study, the novel application of temperature dependent material properties as a means of modelling inhomogeneity and geometrical changes to the femur was found to be a powerful tool to allow rapid consideration of multiple clinical scenarios using the same base femoral geometry. Furthermore, use of this methodology allows for the incorporation of such changes independent of patient specific CT data, thereby limiting patient specific parameters from obscuring important trends and influencing results.
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